A conformational and vibrational analysis of an antiproliferative spermine-based dinuclear Pd(II) complex (Pd 2 -Spm) is reported. Density functional theory coupled to all-electron basis sets was used to perform quantum mechanical calculations aimed at determining the strategy best suited for accurately representing this molecule and achieving an optimal accordance with the experimental data. The structural parameters and the vibrational frequencies predicted by the calculations are compared with the corresponding experimental data. The results support a relationship between the strength of the metal-ligand bonds and the antitumor activity of the compound.
Introduction
Palladium(II) complexes are an emerging class of inorganic compounds bearing recognizable anticancer properties, [1] [2] [3] [4] [5] challenging the initial belief that complexes containing this metal centre would be inactive. This conviction started to materialize with the lack of biological activity of the parent compound cisdiamminedichloropalladium(II) (cDDPd), 6 as opposed to its Pt(II) homologue (cisplatin, cis-diamminedichloroplatinum(II), cDDP) that was justified by the higher lability of palladium(II) complexes relative to platinum(II) ones. However, this problem has been circumvented by different synthetic strategies, most of them aimed at lowering this kinetic lability by coordination of the metal by polydentate or bulky ligands, yielding compounds with interesting therapeutic properties, largely determined by the nature of the ligands. [7] [8] [9] [10] [11] [12] Kovala-Demertzi and co-workers 13 published an interesting study in which the substitution of a hydrogen for a methyl group in a bulky ligand has turned a biologically inactive compound into an active one. This shows that there is still much to be understood at the molecular level to unveil the physico-chemical phenomena that determine the behaviour of these metal-based compounds in living systems -their structure-activity relationships (SARs) being of paramount importance. Pd(II) complexes are particularly interesting compounds to perform SAR's studies, as the effect of the ligand on their biological activity is generally more pronounced than for their Pt(II) counterparts.
The present study focuses on a polynuclear Pd(II) chelate with a biogenic polyamine (spermine) -{m-{N,N 0 -bis[(3-amino-kN)propyl]butane-1,4-diamine-kN:kN 0 }} tetrachloro-dipalladium (II), Pd 2 -Spm ( Fig. 1A) . 14 This complex was shown to display interesting antiproliferative properties against cancer cells, 15, 16 although it presents a quite different chemical composition and structure from the array of active Pd(II) compounds reported in the literature to date. An understanding of the SARs determining this type of compound's activity is fundamental for interpreting the biochemical mechanisms underlying their biological effect (e.g. cytotoxicity), thus allowing a rational design of new Pd-based anticancer drugs. Vibrational spectroscopy has proven to be one of the most powerful techniques for performing conformational studies in biologically relevant molecules (including inorganic compounds). Inelastic neutron scattering (INS) spectroscopy is particularly well suited to study materials containing hydrogen atoms, since the scattering cross-section for hydrogen ( 1 H) (about 80 barns) is considerably larger than for most other elements (at most ca. 5 barns). The neutron scattering cross-section of an element is a characteristic of each isotope and independent of the chemical environment. During the scattering event, a fraction of the incoming neutron energy can be used to cause vibrational excitation, and the vibrational modes with the largest hydrogen displacements will dominate the spectrum. Therefore, INS can be especially important in solids in which the molecular units are linked together by close hydrogen contacts, with the lowestfrequency vibrations expected to be most affected. Combining experimental vibrational spectroscopy results with quantum mechanical calculated data allows a deeper understanding of the correlation between the system's molecular properties (structure and conformation) and the corresponding spectra.
In this study, quantum mechanical calculations were carried out for Pd 2 -Spm at the DFT level, since this approach has been shown to deliver accurate results for this type of system. [17] [18] [19] A theoretical model previously reported by the authors for a mononuclear Pd(II) compound bearing non-chelating ligands 17 was presently evaluated because of its suitability for the highly flexible polynuclear polydentate chelate Pd 2 -Spm. The accuracy of the calculated results was assessed by comparison with the experimental data available on this chelate -both studies reported X-ray structural information 14 and the vibrational results gathered in this work.
Experimental

Synthesis of Pd 2 -Spm
Potassium tetrachloropalladate(II) (K 2 PdCl 4 , 98%) and spermine (Z97%) were acquired from Sigma (Sintra, Portugal) and used without further purification.
The synthesis of Pd 2 -Spm was carried out following an optimized procedure based on the published synthetic route. 14 Briefly, 2 mmol of K 2 PdCl 4 were dissolved in a minimal amount of water, and an aqueous solution containing 1 mmol of spermine was added dropwise under continuous stirring for about 24 h. Solid (PdCl 2 ) 2 (Spm) was formed, which was filtered and washed with pure acetone. Upon drying in an oven at 40 1C overnight, yellow crystals were obtained.
Yield: 68%. Elemental analysis was carried out at the Atlantic Microlab, Inc., Georgia, USA. Calculated -C: 21.56%; H: 4.70%; N: 10.06%, Cl: 25.46% and Found: C: 21.22%; H: 4.68%; N: 9.60%, Cl: 25.88%.
Vibrational spectroscopy
Room-temperature Fourier transform Raman (FT-Raman) spectra were acquired using a Bruker RFS-100 Fourier transform Raman spectrometer, with near-infrared excitation provided by the 1064 nm line of a Nd:YAG laser. A laser power of 150 mW at the sample position was used. Each spectrum was the average of three repeated measurements of 150 scans at 2 cm À1 resolution.
Fourier transform infrared (FTIR) spectra at room temperature were recorded over the 400-4000 cm À1 region, with a Mattson 7000 FTIR spectrometer, using a globar source, a deuterated triglycine sulfate (DTGS) detector and potassium bromide pellets. Each spectrum was composed of 32 scans with 2 cm À1 resolution and triangular apodization.
The INS spectrum of the complex was obtained at the ISIS Pulsed Neutron Source of the STFC Rutherford Appleton Laboratory (United Kingdom), using the TOSCA spectrometer, an indirect geometry time-of-flight, high resolution (ca. 1.25% of the energy transfer), and broad range spectrometer. 20 A crystalline sample of the complex (2-3 g) was wrapped in a 4 Â 4 cm aluminium foil sachet, which filled the beam, and placed in a thin walled aluminium can. To reduce the impact of the Debye-Waller factor on the observed spectral intensity, the sample was cooled to ca. 15 K. Data were recorded in the energy range from 24 to 4000 cm À1 and converted to the conventional scattering law, S(Q,n) vs. energy transfer (in cm À1 ) through standard programs.
Computational details
All calculations were performed using the Gaussian 03W (G03W) package. 21 Both isolated molecule and two-molecule geometry were fully optimized by the Berny algorithm using redundant internal coordinates. While the initial conformational study was carried out without symmetry constraints, once the best conformer was selected, subsequent calculations were subject to symmetry constraints (C i symmetry group). In all cases, vibrational frequency calculations were performed, at the same level of theory, to verify that the geometries corresponded to a real minimum in the potential energy surface (no negative eigenvalues) and to simulate the vibrational spectra.
Two approaches were used to describe the palladium atom: either by relativistic pseudopotentials developed by Hay and Wadt, 22 in a double-zeta splitting scheme, as implemented in G03W (keyword LANL2DZ) or by an all-electron (AE) contracted Gaussian basis set developed by Friedlander. 23 The inclusion of a polarization function at the Pd atom, by augmenting the valence shell with an f-function (z Pd = 1.472), was also tested in combination with LANL2DZ. 24 For the non-metal atoms, several AE basis sets were tested: 6-31G*, 6-31G**, 6-31+G(2d) and 6-31+G(2df) (as defined in G03W), either alone or simultaneously in distinct combinations schemes for different atoms (mix 1 and mix 2), as described in Table 1 . Natural bond orbital (NBO) analysis was also performed. The basis sets were tested at the DFT level, using the mPW1PW method which comprises a modified version of the exchange term of Perdew-Wang and the Perdew-Wang 91 correlation functional, 25, 26 which has been shown to be advantageous over other DFT functionals for both linear amine ligands and their Pt(II)/Pd(II) complexes. 17, 18, 27 The B97D DFT, which includes semi-empirical corrections for dispersion, was also tested. 28 In order to account for the basis set superposition error (BSSE) in the two-molecule model calculation, geometries were optimized within the scheme of Boys-Bernardi 29 (as implemented in G03W, by the keyword COUNTERPOISE). The SCRF (self-consistent reaction field) calculations were performed considering the aqueous solution (e = 78.39) using default parameters for the UAHF (united atom topological model) radii model. 21 
Results and discussion
Conformational analysis
The reported X-ray structure for the Pd 2 -Spm molecule 14 (Fig. 1 ) comprises both Pd(dap)Cl 2 units (dap = 1,3-diaminopropane, H 2 N(CH 2 ) 3 NH 2 ) in a relative trans arrangement. The chelate ring assumes a chair conformation, while the central putrescinelike moiety has an all-trans geometry. Careful inspection of this crystalline lattice structure (Fig. 1C ) suggests the formation of intermolecular H-bonds between the Pd(dap)Cl 2 fractions of adjacent molecules, namely, Cl 1 ;Cl 2 Á Á ÁH 1 ,H 2 (N 1 ) and Cl 2 Á Á ÁH 9 (N 2 ), as well as a Cl 1 Á Á ÁH 10 (C 4 ) interaction. The more hydrophobic methylene groups should not be involved in this type of close contact.
Taking the determined X-ray geometry as the starting point, a rotational conformational analysis was performed for the Pd 2 -Spm isolated molecule ( Fig. S1 of the ESI †), considering a previous work on the cDDPd mononuclear complex. 17 We were interested in testing the relative stability of different cis/trans conformations (regarding the two metal centres relative to each other), all-trans and non-trans configurations of the amine linker and the presence or absence of co-planarity of the metal centre relative to the central amine linker. The minimum energy conformer obtained for Pd 2 -Spm differs significantly from the reported X-ray structure. As the present work aims to understand the properties of a molecule in the solid state, this type of single molecule conformational study may not be adequate to accurately represent these large polynuclear systems, since the intermolecular interactions between neighbouring molecules in the crystal lattice (Fig. 1C) impact their structure to a much larger extent than for mononuclear complexes playing a non-negligible role on the maintenance of the overall chelate's conformation. The number of rotational conformers makes this type of study prohibitive for a system such as this one as it is too large and presents too many degrees of freedom.
In fact, taking the isomer present in the solid state, we screened it with the license-free program Avogadro 30 (using a molecular mechanics universal force field (UFF)), which predicted 242 conformers. Twenty of them, among the ones with lowest energy, were chosen to perform a more thorough study ( Fig. S1 , ESI †) as we were interested mainly in testing the relative stability of cis/trans conformations (regarding the two metal centres relative to each other), all-trans and non-trans configurations of the amine linker and co-planarity regarding the metal centre relative to the central amine linker.
Although plane-wave calculations have been carried out by the authors [31] [32] [33] [34] to predict solid state arrangements, this type of approach is not easily accessible for this particular dinuclear chelate due to the large dimensions of the corresponding unit cell. In view of these limitations, and taking into account the aim of this study, to predict the properties of Pd 2 -Spm in the solid state, the lowest-energy conformer found for the isolated molecule (conformer 1, Fig. S1 , ESI †) was not considered in further analysis, but rather the optimized Pd 2 -Spm isolated molecule that matches the X-ray data ( Fig. 1A ) was used.
Structural analysis
The single molecule of Pd 2 -Spm taken from the X-ray file, which was previously optimized without symmetry constraints (conformer 5, Fig. S1 , ESI † and Fig. 1A) , was then re-optimized under symmetry constraints (C i symmetry group), yielding the structural parameters shown in Table 2 . The differences between the experimental and calculated values (D-values), and the corresponding overall errors (DD-values), calculated as previously described for cisplatin, 18 are also shown. In general, the larger deviations from the experimental values are verified for the Pd(dap)Cl 2 moiety. It was hypothesized that these could be mainly due to (i) poor description of the metal centre and/or (ii) neglecting the intermolecular interactions present in the crystal lattice.
Considering hypothesis (i), the LANL2DZ ECP was augmented with an f-polarization function at the Pd centre and the all-electron basis set of Friedlander 23 was tested on the metal ion. While augmenting the Pd valence shell did not lead to a significant 
a AE stands for the all electron basis set of Friedlander 23 used at the Pd(II) ion. b Basis sets used generally or specifically on each atom as specified in mix1 and mix2. Interestingly, the addition of a polarization function to the hydrogen atom (AE/6-31G* -AE/6-31G**) leads to a better overall agreement relative to the experimental values of the Cl-Pd-Cl and N-Pd-Cl angles, which is probably be due to a better description of the neighbouring molecular groups bearing hydrogens. However, including higher polarization functions on the non-hydrogen atoms (AE/6-31+G(2d)) did not lead to an enhancement of the overall DD values. Coupling the AE basis set tested for Pd(II) with a combination of different AE basis sets for the remaining atoms (mix1 or mix2) yielded better DD values but did not solve the problem entirely. While mix1, which involves more extensive basis sets for the chlorine and nitrogen atoms (Table 1) , led to a significant improvement of the Pd-Cl bond length, it did not produce more accurate values for the bond angles. In turn, while mix2, which extends the improvement of the basis set to the carbon, chlorine and nitrogen atoms (Table 1) , yields better D values for the angles, it worsens some of the bond lengths. Regarding hypothesis (ii), calculations for a two-molecule species (Fig. S2 , ESI †) based on the X-ray structure reported for the complex were performed to verify if accounting for intermolecular interactions could improve the results. Considering this model led to an improvement of the calculated Pd-N bond length, at the cost of a worsening of the values for the Pd-Cl bond (Table S1, ESI †). However, although the bond angles involving the metal centre were greatly improved, the overall error was not much lower than that obtained for the isolated molecule. The reason for this probably lies on the fact that two Pd 2 -Spm molecules are not enough to represent all the intermolecular interactions occurring in the solid lattice, where one Pd 2 -Spm entity is surrounded by six neighbouring molecules (Fig. 1C) . Accounting for a six-molecule model using the present theoretical approach is, however, not feasible. A calculation for the two-molecule structure was also performed with the new B97D DFT, which accounts for dispersion corrections allowing a better description of the intermolecular interactions, but without significant improvement in the results (not shown). Although the structural experimental parameters are given for the solid state, SCRF results were also used to assess intermolecular interactions, not between similar molecules, but with other molecules such as the ones occurring when simulating an aqueous solution. The results Table 2 show that, interestingly, SCRF results are the ones that present the lowest bond lengths deviations obtained for the linking amine fragment N 1 -C 1 -C 2 -C 3 -N 2 and N 2 -C 4 . It also presents the lowest deviation values for the Cl 1 -Pd-Cl 2 , N 1 -Pd-N 2 and Cl 1 -Pd-N 1 angles, the ones more prone to establish intermolecular interactions. The reason for an improvement of these results when compared to the twomolecule structures, even when comparing different physical states, may be the limitation of considering only a two-molecule system instead of a larger one with at least two layers of molecules below and above. These results shed some light and hope on a very accurate prediction when plane-wave tools become available for the study of these compounds. The theoretical estimate of the chelate's structural parameters is of the utmost importance for the prediction of reliable SARs for the complex. When comparing the experimental bond lengths for different compounds of the same type, it is interesting to verify that within Pd 2 -Spm, the Pd-N bonds (203.2 pm average value, Table 2 ) are shorter relative to the parent mononuclear compound cDDPd (206.0 pm), 35 while the Pd-Cl ones are longer (231.5 pm vs. 227.5 pm). 35 Natural bond orbital (NBO) calculations through the calculated Wiberg bond indices -an indicator that reflects the strength of the bond -also predict this trend, which is interestingly correlated with the biological activity of the complexes involved (Fig. 2) . In fact, regarding the human breast cell line MDA-MB-231, the IC 50 obtained at 24 h are for cDDPd Z 100 mM, for Pd(dap)Cl 2 4 100 mM and for Pd 2 -Spm = 4.7 mM.
The mode of action of this type of metal-based compound is recognized to be through interaction, via covalent binding, with DNA. 36, 37 Although the exact mechanism for Pd(II) complexes is not as well established as for their Pt(II) analogues, they are expected to have a rather similar behaviour due to their similar chemical characteristics. The anticancer properties of the wellknown chemotherapeutic drug cisplatin relies on the binding of Pt(II) to the nitrogen (N 7 ) of the DNA bases. [36] [37] [38] This step must be preceded by an intracellular drug activation process through aquation, which involves the hydrolysis of the chlorine ligands. Accordingly, it is expected that the DNA binding ability of these amine-based Pd(II) complexes increases with weakening of the Pd-Cl bonds, as evidenced in Fig. 2 . Although more systems are needed for an unequivocal and reliable correlation, these results prompt the investigation of this possible correlation and stress the importance of this type of study, even if in the solid state.
Vibrational analysis
Pd 2 -Spm has 132 vibrational modes, 66 of A u symmetry (infrared active) and 66 bearing A g symmetry (Raman active). All the modes are INS active, since there are no selection rules for this non-optical vibrational spectroscopy technique (Fig. 3) .
The assignment of the vibrational spectra of Pd 2 -Spm, as well as the calculated wavenumber at the LANL2DZ/6-31G* theory level, are presented in Table 3 . It has been shown previously that the small enhancement obtained with higher theory levels is not worth the associated computational cost. 17, 18 Some vibrational modes (as well as the corresponding nomenclature used throughout the text) are schematically represented in Fig. 4 .
As the metal units are linked by the aliphatic amine spermine, some low frequency vibrations are similar to the reported LAM and TAM modes previously assigned for this polyamine. 40, 41 However, they were given alternative designations in this work since Pd-coordinated Spm does not constitute a free ''linear bead system'', as illustrated in Fig. 4 .
The inspection of Fig. 3 allows us to determine the importance and complementarity of the different techniques used. Raman spectroscopy features more intense CH 2 stretching bands and also presents more prominent bands regarding the metal atom centres. In addition, the different bands from the organic parts of the molecule are not quite well resolved, appearing broad and overlapped. Nonetheless, the resolution of the band relative to the metal centre using the Raman technique allows us to distinguish the different vibrational frequencies, particularly for the Pd-N bond. As the environment of Pd-N 1 is different from Pd-N 2 , these modes are not degenerate and it is possible to identify 4 bands for the nPd-N vibration instead of 2 bands if their environment was the same, i.e., having a symmetrical centre. This feature is not as clear when using the other vibrational techniques. IR and INS bands in turn appear much more defined in the region of 400-1800 cm À1 allowing the detection of a higher number of vibrational modes. Particularly important and characteristic of the IR technique is the very intense and well defined deformation band of NH 2 at 1596 cm À1 . When analysing the crystal structure packing unit, only one intermolecular hydrogen bond is available to the NH 2 group (N 1 )H 2 -Cl 2 (248.2 angstrom), and the next shortest contact for NH 2 is a weak intramolecular interaction (N 1 )H 1 -Cl 1 (268.7 angstrom).
This well-defined dNH 2 band supports this occurrence as it is not as broad as the one expected for a group highly involved in strong hydrogen bonding. The INS technique in turn perfectly resolves the lower rocking modes of the CH 2 and NH 2 oscillators (almost imperceptible by Raman), as well as the ring structure torsion bands (almost absent from the IR and Raman spectra). These features stress the importance of using complementary vibrational techniques, especially for this type of complex, which tends to form intramolecular ring structures.
The vibrational modes of the spermine ligand were reasonably well predicted by the calculations, despite some deviations due to anharmonicity and/or intermolecular interactions. The major differences were verified for the modes involving the atoms directly bound to the metal atom, which cannot be justified in terms of anharmonicity since there is not a uniform pattern in the prediction of the wavenumbers. In order to determine whether this was a particular effect of this chelate, calculations were performed, at the same theory level (LANL2DZ/6-31G*), for a few other Pd(II) complexes with different amine ligands. The data thus gathered is shown in Table 4 as well as the scaling factor needed to match the calculated wavenumbers to the experimental ones. In every case, the theoretically predicted Pd-N stretching mode was found to be underestimated, while n(Pd-Cl) and n(NH 3 /NH 2 ) were overestimated. Hence, this lack of accordance is independent of the type of complex investigated, and the main issue probably remaining is the description of the modes involving the metal centre.
In addition, neither the AE approach to describe the metal centre nor the two-molecule model calculations led to a noticeable improvement of the corresponding vibrational modes. In fact, it was previously verified by the authors 17 that an enhancement in the calculated structural parameters is not always accompanied by a corresponding improvement in the accuracy of the vibrational frequencies.
Although a straightforward comparison with the SCRF results (Table 3 ) cannot be performed, some interesting results can be observed. Actually, the vibrations relative to the stretching modes of NH 2 and CH 2 groups are greatly improved and comparable to the experimental values. Moreover, the symmetric stretching mode of Pd-N is also improved, but not the antisymmetric one. A better agreement with the experimental value is also obtained for the C-N-C torsion of the ring structure. However, many other vibrational modes are poorly predicted, such as the NH 2 and CH 2 scissoring and most wagging, twisting and rocking modes of the CH 2 groups. Moreover, many stretching vibrational modes for the C-C and C-N bonds fail to be predicted, as well as the n(Pd-Cl) ones. Nonetheless, the improvement obtained for the groups expected to be strongly involved in intermolecular interactions should be of reference for future studies on this type of systems.
Conclusions
In the present work, a complete vibrational study of a dinuclear Pd(II) complex displaying a promising antiproliferative activity was undertaken by a combined spectroscopic and quantum mechanical calculation methodology. FTIR, Raman and INS spectra were recorded and the theoretical analysis was carried out at the DFT level, for both the isolated molecule and a twomolecule model. It was shown that the intermolecular interactions within the crystal lattice are of the utmost importance for this type of polynuclear polyamine chelate. A simple isolated molecule calculation was found not to suffice for predicting the molecular properties of such a system, in contrast to that reported (by the authors) for mononuclear counterparts. Although the calculations performed for the two-molecule species yielded slightly better results, the structural improvements were not noteworthy. Furthermore, when no X-ray data are available and several possible two-molecule geometries are to be tested, this approach becomes excessively demanding (in terms of computational costs).
In order to further improve the representation of this type of Pd(II)-amine complex, it is of paramount importance to develop new basis sets as recently undertaken for Pt(II) complexes 19, 42 (which was beyond the scope of this work). At the moment, it seems that the precise estimate of one type of metal-ligand bond length leads to uncertainty in the other one, and an improvement of the bond lengths results in a worse description of the bond angles. Therefore, when considering only the prediction of the structural parameters, some doubts can arise as to the most suitable theoretical approach. For the representation of the vibrational profiles, in turn, the LANL2DZ/6-31G* theory level was shown to attain a high degree of agreement with the experiment, while the enhancement obtained with higher theory levels was not worth the associated computational cost. Optimization of the theoretical methodology for this type of Pd(II) polynuclear polyamine agent will hopefully allow the establishment of accurate and reliable SARs and enable the prediction of other important properties relevant to their anticancer activity. Finally, while plane-wave calculations are of utmost importance for estimating the properties of a molecule in the solid state, an up-to-date allelectron basis set for palladium(II) is also crucial, since studies for an isolated molecule cannot be ruled out for large polynuclear complexes bearing biological properties.
The data obtained in this work shows an inverse relationship between the strength of the Pd-Cl bond and the antiproliferative effect of Pd 2 -Spm against cancer cells, i.e., the weaker the Pd-Cl bonds the higher the complex's activity. The antiproliferative activity of such a compound is determined by several other factors. However, this evidence may indicate that these Pd(II)amine chelates (comprising cisplatin-like moieties) could display a similar mode of action to that of cisplatin, involving chloride hydrolysis inside the cell as their major activation step. 
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